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•  APPROXIMATE 


ABSTRACT 


Pbotocrsphlc  obitnrmtloo  «nd  fatboaater  aiaauzttaMnts  of  CA3TL£ 
Shota  1,  3|  and  4  vara  nada  to  aaalat  in  tha  pradlction  of  cratara 
prcducad  by  Mgatoo  vaapona. 

Tha  anra  U^rtant  nxuaarlcad  data  ara  aa  foUdva: 


Shot 

Yield 

location 

Crater 

Hadiua 

(ft) 

Zatinated 
Max. Depth 
(ft) 

• 

X 

14.5  XT 

Surface-reef 

3000 

240 

3 

no  10? 

Surfaca-ialand 

400 

75 

4 

6.5  HT 

Surface-water 
(l6o  ft  water 
depth) 1 

1500 

250 

The  Shot  1  crater  cotild  hare  bean  predicted  aatiafactorily  fmi 
tha  IVT  Kika  Shot.  Shot  3  crater  vaa  aaHllar  than  predicted  on  that 
baaia.  Both  cratara  vera  larger  than  predlctiona  baaed  on  aixpla  aca- 
llng  of  the  JAliCLS  aurfaca  abot,  even  if  acae  aliovanca  ia  oada  for  tha 
diffaranca  in  aoila. 

The  Shot  4  cratar,  produced  by  a  abot  on  the  aurfaca  of  vater  having 
a  acaled  depth  Xy  ■  0«05»  vaa  detectahla  but  relatively  anall.  A  tun« 
nel  underneath  it  would  probably  have  been  breached  but  no  hazard  to 
navigation  vaa  produced. 

An  extrapolation  procedure  baaed  on  aaall.or  TlfT  exploaiona  peraita 
the  prediction  of  the  radiua  of  the  crater  produced  by  a  nuclear  explo- 
aion  under  a  vide  range  of  circuiaataneaa.  The  range  of  uncertainty  ia 
believed  to  be  larger  than  a  factor  of  two. 
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FOREWORD 


This  r«port  lit  om  ot  th«  r«portt  prctcatiri^  the  r«s:ilts  of  tb«  134 
projtct*  p«rtlcip«tixi£  In  tb«  Kilitary  Effects  Tests  Prosrsa  of  Opera¬ 
tion  CASTLB>  which  Included  six  test  detonations.  Tot  readers  interes¬ 
ted  in  other  pertinent  test  inforaation,  reference  is  aade  to  UT-934> 
?uaasry  of  Veapoas  Effects  Tests,  Military  Effects  Fregrajs.  This  sua- 
nary  report  includes  the  following  infoiaation  of  possible  general  in¬ 
terest. 


a.  An  over-nil  description  of  each  detonation,  Including 
yield,  height  of  burst,  grtund  zero  location,  tiae  of 
detonation,  aabient  ataospherlc  conditions  at  detona¬ 
tion,  etc.,  for  the  six  shots. 

b.  Discussion  of  all  project  results. 

c.  A  stuenary  of  each  project,  including  objectives  and 
restats. 

d.  A  coerplete  listing  of  all  reports  covering  the  Military 
Effects  Tests  Program. 
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Pr«Yioui  p«<«  was  blank,  therafonr  not  filawt. 
CHAPTER  1 

INTRODUCTION 


1.1  GBJECnVB 


I 

I 


Tha  lansdlat*  objsetiva  of  the  crater  surrey,  ves  to  deteraine  the 
I  dliosnslons  of  the  apparent  ciraters  foraed  by  Shots  1,  3#  end  4. 

I  Ihe  loxij[-rao|^  ‘objectives  of  the  work  vere  to  obtain-  data,  to  assist 
in  the  prediction,  for  ailitary  purposes,  of  the  crater  produced  by  any 
larse  nviclear  weapon  fired  under  any  circuastances.  Tvo  situations  vere 
of  particular  interest  in  this  regard  in  Operation  CASTLE.  These  vere 
(a)  a  surface  burst  on  land,  and  (b)  a  surface  burst  in  relatively  shal- 
lov  water. 

1.2  MILITARY  SICTXnCALCS 

The  aajor  ailitary  interest  in  craters  steos  froa  the  observation 
that  the  liaitinc  distance  of  Isiportant  davage  to  veil  constructed  under* 
ground  fortifications  lies  only  a  relatively  short  distance  outside  the 
crater.  7or  the  prediction  of  such  daaage  it  is  clear  that  the  shape 
of  the  crater  near  the  rla  is  aore  important  than  its  shape,  or  depth, 
near,  the  center. 

'  Of  scaevhat  less  ailitary  interest  is  the  crater  produced  by  a  sur¬ 
face  shot  in  shallow  water.  Both  the  liaiting  distance  of  dsosge  to 
tunnels  and  the  possibility  of  darning  a  har^r  by  the  fornation  of  a 
crater  with  a  shallow,  or  above-water  lip,  are  aatters  of  seen  concern. 

1.3  LIMITAnOHS  0«  ms  OBJECTIVES 


In  the  investigation  of  craters  foraed  by  saaller  explosions  it  ha« 
been  recognized  that  while  the  crater  surface  apparent  to  tbe  eye  was 
relatively  easy  to  seasurs,  there  was  nevertheless  a  disturcince  in  the 
earth,  caused  by  the  explosion,  to  sene  depth  below  this  upper  siirface. 
The  lover  boundary  of  this  voltuae-  of  disturbed  earth  baa  becoas  known 
as  the  "true  crater**  in  contradistinction  to  the  upper  surface,  which 
has  been  called  the  '’apparent  crater."  While  the  tens  "true  crater"  oay 
be  slightly  misleading  in  its  implications,  it  seesis  reasoiusbly  clear 
that  for  the  purposes  of  determining  the  lixaitaticns  of  dsjcage  to  under¬ 
ground  fortifications  the  lover  surface  of  the  volume  of  distxurbed  earth 
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(or  true  crater)  Is  of  greater  signlficsnce  than  the  apparent  crater* 

While  for  aaall  craterr  it  is  physiciOLly  and  economically  feasible 
to  determine  the  boundaries  of  both  the  ’'apparent  ”  and  the  "true  craters 
for  very  large  craters,  the  problem  of  excavation  to  determine  the  true 
crater  becomes  so  extensive  as  to  be  impractical.  The  difficulty  of 
measuring  the  true  crater  becomes  even  more  severe  under  circuastances 
vhere  the  crater  is  vater-fiUed  and  where  the  level  of  radioactivity 
remains  for  some  time  high  enough  to  prohibit  extezuive  vorl.  Both  of 
these  situations  existed  in  CASTLE*  Because  of  these  difficulties  and 
other  considerations  it  was  decided  to  limit  the  crater  sxirveys  on  (AS* 
TIE  to  the  measurement  of  the  apparent  craters  formed  by  those  detona¬ 
tions  located  at  tero  sites-  not  used  for  prior  detonations*  Because  of 
changes  in  shot  locations  during  the  operation,  the  project  effort  was 
limited  to  Shots  1,  3>  And  h* 

1*4.  BACICRCIUND 

At  an  early  stage  in  the  planning  two  techniques  were  seriously 
considered  in  addition  to  those  actually  used*  These  were,  fir it,  the 
use  of  a  high-power  fathotaeter  developed  by  the  Navy  Electronics  Labora¬ 
tory  (N£X}  which  was  considered  to  have  a  reasonable  probability  of 
penetration  of  the  layer  of  »ud  or  disturbed  earth  separating  the  ap¬ 
parent  from  the  true  crater*  The  second  technique  was  designed  to  sup¬ 
plement  the  penetrating  fathometer  as  a  means  of  determining  the  true 
crater*  This  techalque  involved  the  production  of  holes  through  the 
crater  either  by  drilling  or  Jetting  techniques*  Several  methods  of 
detecting  the  surface  separating  the  true  crater  from  undisturbed  earth 
were  considered*  The  decision  not  to  use  either  of  those  procedures  was 
made  on  thu  bases,  (1)  that  the  drilling  or  Jetting  would  add  a  large 
cost  to  the  project,  (2)  that  a  penetrating  fath meter  would  not  be  re> 
liable  without  the  supplementary  information  gained  by  the  drilling  or 
Jetting,  and  finally,  (3)  that  information  regarding  the  apparent  crater 
would  be  very  nearly  as  valuable  for  ptirposes  of  prediction  of  target 
damage  as  would  sKasureosnts  of  the  true  crater* 

1*5  THEORY 

The  laws  of  similitude  imply  that  the  effects  of  an  explosion  of 
any  (known)  jilze  in  any  medium  are  related  precisely  to  the  effects  of 
an  explosion  of  any  other  size  in  the  same  medium,  provided  the  medium 
fulfills  certain  rather  stringent  conditions*  Experimental  swaszureiMnts 
using  conventional  explosives  such  as  TNT  lend  to  some  optimism  that 
craters  produced  by  such  explosives  can  be  predicted  with  an  accuracy 
almost  entirely  adequate  for  military  ptirposes,  even  though  it  is  clear 
that  some  properties  of  the  medium  (earth)  in  which  the  explosive  is 
fired  are-  very  sensitive  parametrrs  in  affecting  the  crater* 

The  situation  regaming  craters  produced  by  nuclear  explosives  is 
less  satisfactory.  First,  the  evidence  is  meager,  since,  prior  to  CAS¬ 
TLE  there  have  been  only  three  ruch  ex-plosions  on  which  crater  measure¬ 
ments  were  made;  namely,  IVY  Mike,  JANGLE  underground,  and  JANGLE  sur¬ 
face*  Second,  the  existing  evidence  leads  to  pessimism  regarding  the 
validity  of  scaling  from  conventional  to  nuclear  explosion  effects. 
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The  fallurt  of  crater  tcallog  from  coavcntlonal  to  nuclear  exploelons 
la  believed  to  result  both  from  the  enonaoua  disparity  In  energy  re¬ 
lease  (and  this  also  applies  between  klloton  and  oegaton  nuclear  explo¬ 
sions)  and  also  frost  the  liqportant  difference  In  energy  partition  in  the 
two  types  of  explosions* 

In  Mneral  it  is  known  that  the  dlieensions  of  the  crater  (radius 
or  depth)  are  affected  or  determined  by  the  total  energy  release,  the 
depth  of  the  charge  and  the  character  of  the  toedlua  (earth)  in  which 
the  charge  is  fired*  If  these  parameters  operate  independently,  then 
one  could  write  an  empirical  equation  in  the  fora 

R  -  f(W)  .  f(Dg)  *  f(n) 

or  In  the  fora 

R  -  f(W)  +  fiD^)  +  f(a) 

where  R  is  the  radius 

V  is  related  to  energy  release, energy  density,  and  detonation 
velocity 

Dq  is  the  depth  of  the  charge 
a  is  related  to  the  aedlua* 

In  this  case  the  separate  contribution  of  each  of  the  parameters  can  be 
dsterained  easily*  Zf,  however,  the  panuaeters  are  interdependent  it 
if  necessary  to  use  the  fora 

R  -  f  (W,  Dg,  a) 

and  the  effect  of  varying  any  one  of  the  paraaeters  Is  ndch  aore  eocspli- 
cated  because  it  depends  on  the  values  at  which  the  other  paraaeters 
are  aaintaieed* 

There  is  general  agreeaent  aaong  investigators  that  the'  paraaeters 
affecting  craters  are  in  fact  extensively  interrelated.  The  universal 
use  of  scaling  concepts,  particxilarly  in  regard  'to  the  scaled  depth  of 
charge  Is  evidence  in  point*  Thus,  in  regard  to  the  effect  of  energy 
release  and  depth  cf  charge  a  satisfactory  fora  for  the  equation  Is 

R  -  f(W)  ,  f(W,  Dg), 

or  as  a  nore  specific  exaople, 

1 

R  -  W  Ic  *  f(Xg) 

where  k  is  approxloately  3*  The  Inclusion  of  an  addltlcxail  term  to 
represent  the  effect  of  different  mediums  could  be  in  several  forms. 
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aaon^  vhich  rre: 


(1)  R  -  f(W)  .  f(W,  D<,)  .  f(m) 

(2)  R  -  f(W,  a)  .  f{W, 

In  Atteapting  to  correlate  crater  data  froa  TffT  blaati  vlth  tbOM 
froa  nuclear  exploilona,  It  hae  In  the  paat  appeared  ueeful  to  include 
a  factor  leea  than  unity  (0*3  to  0*9)  in  the  value  of  V  aaiigned  to 
nuclear  chargee  in  terms  of  equivalent  tons  of  TRT,  based  cn  radioebesd- 
cal  data*  This  has  been  Justified  by  the  fact  that  the  energy  parti¬ 
tion  ie  totally  different  for  the  tvo  tyives  of  explosives  and  that  the 
nuclear  veapons  deliver  radiant  energy  while  conventiotxal  exploslvee  do 
not*  It  is  believed,  however,  that  at  bast  correlation  will  be  uncer¬ 
tain,  and  with  the  advent  of  megaton  weapons  the  disparity  of  sixes  is 
so  great  that  good  correlation  should  not  be  expected.** 

The  effect  of  charge  depth  (or  height)  (\*)  is. fairly  well  estab¬ 
lished  for  TRT*  If  scaled  crater  diaiaeter  is  plotted  against  scaled 
charge  depth,  it  is  clear  both  from  experiment  and  physical  reasoning 
that  the  c\irv«  will  be  concave  downward,  since  no  surface  crater  is 
produced  if  the  charge  is  sufficiently  high  above  the  surface  or  suf¬ 
ficiently  deep  below  it.  For  TlfH,  the  max^raun  of  this  curve  is  rather  . 
broad  and  occiurs  in  the  range  of  1  <  \.  <3,  where  is  in  ft/(lb  TIfr)V3, 

The  effect  of  the  Mdita,  f(a),  has  been  shown  to  be  as  large  as 
a  factor  of  2  in  field  experiments  with  TlfP*  Unfortunately,  the  specific 
properties  of  the  medium  which  affect  the  crater  are  not  yet  established. 

It  is  postvilated  that  strength,  either  shear  or  tension,  and  density  are 
sensitive  parameters.  It  is  possible  that  the  el£.stle  moduli  are  also 
important.  In  regard  to  strength,  it  is  of  course  the  strength  under 
shock  load  conditions  that  is  important.  It  is  very  difficult  to  maica 
laboratory  tests  under  shock  load  conditions  and  the  heterogezMous  char¬ 
acter  of  earth  makes  the  extrapolation  from  laboratory  to  field  condi¬ 
tions  very  uncertain.  Thus,  while  appropriate  values  for  strength  under 
shock  load  are  not  known,  it  appears  clear  that  the  strength  under  s\icb 
conditions  may  differ  widely  from  the  strength  under  static  load. 

The  density  of  the  Bcdixmi  may  in  a  theoretical  sense  affect  crater 
size  significantly.  In  practice,  however,  the  range  of  densitlee  found 
is  trivial  compared  to  the  range  of  stren^hs  and  hence  the  density  is 
believed  to  be  a  parameter  of  only  minor  Is^rtance  in  affecting  the 
crater. 

As  has  been  mentioned,  the  application  of  aimilltude  principles 


*  The  data  at  hand  have  seemed  to  the  author  to  fit  better  into  an 
equation  of  Form  (2)  than  into  one  of  Form  (1),  namely 

R  -  (WE)a  .  t{\) 

as  elaborated  in  Chapter  4.  It  is  to  be  noted  that  these  two  fonu  are 
drastically  different  in  the  i^q^lications  of  extrapolation  fres  less 
than  kiloton  charges  up  to  megaton  charges. 

**  Thus  Fig.  3^14  has  been  plotted  with  no  consideration  of  relative 
efficiency,  while  in  Fig.  4.11  a  relative  efficiency  of  605t  for 
nuclear  charges  coetpsured  to  TTIT  has  been  used. 
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pl«c««  c«rt«lo  r«qulr«BMnt«  on  the  tMdlvw.  At  a  wJjuimm  for  tb«  pur* 
poM$  of  crattr  iavsstlgatloa,  it  is  requlrod  that  th«  propartlaa  of 
th«  eMKilua  at  aqulvalant  locatlona  (acalad)  la  tvo  axpariJMata  miat  b« 
Idaotlca.  Thla  raqulraatat  la  coc;^ataIy  Mt  if  tha  tvo  aadla  ar« 
hooocaoaoua,  iaotropiCi  and  Idantical.  Tha  propartlaa  of  aarth,  bow* 
trar,  am  greatly  affected  by  overbtirden  praaatim*  Thua  la  a  atatie 
aaaaa  tha  propartlaa  of  earth  are  groaaly  dapaadaat  oo  actvial  (not  aca- 
lad)  dapth  balov  tha  aurfaca,  axxl  la  a  dyaaolc  aaaaa  thaaa  propartlaa 
vlll  ba  alxll&rly  affected  by  tha  praaaum  produced  by  tha  axploaloo* 

Thua  ccM  of  tha  fundattantal  condltloaa  for  tha  proper  application  of 
alspla  acallni  lava  la  violated*  Tha  greater  tha  range  of  alza  of  ax¬ 
ploaloo,  and  haaca  of  daptha,  tha  nora  aerloua  thla  violation  bacc»ea* 

A  further  difficulty  with  the  application  of  theory  occura  In  altu- 
atlona  auch  aa  axlatad  on  CASns,  vhem  tvo  nedla,  earth  and  vatar.  vam 
Involved,  and  vham  tha  earth  vaa  aaturatad  ao  that  forcea  vera  trana- 
nlttad  by  a  coBg>llcatad  coeablxuitlon  of  Intergranular  forcea  and  hydraulic 
praaauma* 
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CHAmR  2 


EXPERIMENT  DESIGN 

( 


2.1  SaOT  B/UmCIPATIOW 

Th«  cr&t«rs  resultioi^  frca  th«  foUovlag  tbr««  tbot*  vtr«  sxirv«y«d 
as  a  part  ol  this  projact. 


TABLE  2.1  -  Shot  locatioc 


Shot 

Shot  Location 

1 

Ca  tha  reef  in  the  northwest 
section  of  Bikini  Atoll. 

3 

On  sn  islsmd  in  the  southern 
section  of  Bikini  Atoll. 

4 

In  the  lagoon  in  the  northeast 
section'  of  Bikini  Atoll. 

Tha  reasons  for  Halting  participation  to  these  three  shots  have 
been  described  in  section  1.3*  It  should  be  noted  that  for  the  pur* 
poses  of  crater  aeasurenents  it  is  necessary  to  determine  the  surface 
or  bottom  contours  prior  to  the  explosion  and  again  subsequent  to  the 
explosion.  While  in  a  scientific  sense  it  would  be  desirable  to  asa* 
sure  the  crater  shortly  after  tero  tiae  so  as  to  avoid  aodification  of 
the  crater  by  the  action  of  water  waves  and  current s>  no  feasible  way 
of  accooplishixxg  such  a  proopt  Deas\ireaent  has  been  conceived.  Bence 
the  crater  survey  operations  in  one  sense  Involved  no  participation 

ly,  the  tloe  planned  for  the  re-entry  of  the  survey  group  after  each 
shot  was  bounded  by  the  tias  judged  to  be  required  for  the  radiation 
level  to  decay  to  a  value  such  that  4  to  8  hr  exposure  would  not  result 
in  a  total  oose  aoountlng  to  an  ioportant  fraction  of  the  allowable 
total  dose  for  the  whole  operation,  naoely  3900  nr. 
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2.2  IN^j-THlM^fTATION  PIVJ< 


The  uaeAiLneaa  of  knowleH^♦o  of  bottom  depth  Is  dependent  on  ccr- 
respondlng  knowledge  of  the  geographical  location  where  the  depth  mea¬ 
surement  is  nsede.  In  fact#  the  problem  of  determining  the  location  of 
the  ship  Is  mure  complicated  and  difficult  than  Uie  determination  of 
deptn.  For  this  reason  more  effort  was  devoted  to  the  location  proce¬ 
dures  than  to  the  depth  measurements,  both  in  the  planning  and  prepara¬ 
tion  phase  and  in  ths  measurement  phase. 

2.2.1  Depth  Measurement 

Depth  was  measvured  with  a  standard  recording  sonic  echo  fathometer 
designed  for  small  chips,  Model  NX-6.  This  fathometer  operates  at  14.2^ 
keps  and  at  a  repetition  rate  of  l/sec  on  the  "foot"  scale,  which  has 
a  mexlmua  of  200  ft. 

The  transducer,  of  the  double-unit  magnetostriction  type,  was 
mounted  outboard  of  the  LCU  assigned  to  the  project,  and  the  recorder 
was  Biounted  inside  a  trailer  which  also  housed  equipment  for  tracking 
and  plotting.  The  fathometer  recording  paper  had  a  depth  scale  cf  1 
in.  per  30  ft  of  depth  and  a  paper  speed  of  1  in./min.  Since  the  speed 
of  the  boat  during  survey  operations  was  about  6  knots  oi*  600  ft/min, 
the  chart  represents  a  bottom  profile  with  the  dspth  dimension  expended 
by  a  factor  of  approximately  20. 

The  calibration  was  accomplished  by  two  procedures •  First  it 
was  determined  by  fJjiding  a  uniform  hard  bottom  and  checking  the  fa¬ 
thometer  readings  against  a  lead  line.  By  thla  cethod  a  satisfactory 
calibration  was  acccmplisbed  in  about  4  hr  with  all  points  grouped 
closely  around  a  straight  line  showing  a  2-rt  zero  error  and  a  slope 
such  that  the  fathometer  read  80  ft  when  the  actual  (lead  line)  depth 
was  90  ft. 

The  second  procedure  for  calibration  mads  use  of  a  comer  re¬ 
flector.  This  reflector  was  lowered  directly  below  the  fathometer  bead 
on  a  cotton  line  which  had  been  previously  measured  and  marked.  The 
callbratiou  by  this  method  gave  the  result  that  the  fathometer  read 
depth  correctly  except  for  a  2-ft  zero  error  (which  is  accounted  for 
by  the  fact  that  the  transducers  were  approximately  2  ft  below  the 
water  surface). 

Since  the  surveys  were  taken  under  varying  tide  heights.  It  was 
necessary  to  reduce  all  depth  readings  to  a  comon  d&tus  plans.  Tbs 
plane  used  was  that  on  which  the  tide  tables  are  based,  namely  l/2  ft 
below  mean  lov-vmter  springs.  Recording  tide-gages  were  operated  by 
Bolaes  and  Narver,  Inc.,  (H&N)  at  several  Islands  in  the  atoll*  The 
gage  readings  were  within  l/2  ft  of  the  published  tabular  values* 

The  time  interval  spanned  by  a  survey  was  ordinarily  no  sure 
than  4  hr  end  the  tide  change  during  such  an  interval  was  less  than  2 
ft.  Consequently  the  tide  correction  for  each  survey  has  been  made  by 
plotting  the  tabular  values  from  the  tables,  drawing  a  smooth  ctirve, 
and  noting  the  nearest  integral  foot  of  tide  height  at  the  mid-tiss  of 
the  survey.  Tble  value  of  tide  height  was  subtracted  from  the  depth 
values  noted  by  fathometer  (after  taking  account  of  its  calibration). 
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2.2.2  Location  Proceduras 


Tb«  location  of  th«  ship  vas  detomlned  vlth  tba  a«slgtanc«  of 
four  typ««  of  •qulpmeat*  for  tba  aoat  part  they  repreient  lndapax>dast 
oethoda.  IIm  equlpmmta  vere: 

(l)  Paydliti  an  electronic  navigation  device 

(2j  Sextanta 

(3)  Alidades  coobined  vltb  a  gyrocosqpass  IQc.  I8 

(4)  Taut  wire  equipiaeot 

The  Raydist  principle  is  that  the  distance  betveen  tvo  points 
can  be  steasured  by  counting  the  number  of  standing  radio  vavea  betveen 
the  tvo  points.  Hore  specifically  the  difference  in  radius  frc«  tvo 
shore  points  is  determined  by  measuring  the  difference  in  the  number  of 
standing  vaves.  Zn  the  actual  ec^ulpcasat  this  is  accomplished  by  asa> 
svuring  the  phase  of  a  400-cycle  beat  note  at  three  fixed  receiving  sta* 
tions*  This  beat  note  is  produced  by  transmitters  of  approximately  12.5 
ac;  oiM  of  vhich  is  fixed  and  the  other  on  the  ship  being  tracked* 

The  Raydist  equipcMnt  as  actually  used  involved  instAllaticns 
ret^uiring  60>'eycle  power  at  each  of  foxu:  shore  points.  E%ch  of  these 
shore  installations  had  a  transmitter  and  three  of  them  bad  receivers 
in  addition*  Cm  shipboard  the  installation^  ^ch  of  course  required 
an  additional  source  of  60«cycle  pover,  vae  ccmprised  of  three  recei¬ 
vers  1  a  trsnsaitter,  and  squipiasnt  for  the  phaee  comparison* 

While  Raydist  equipsMnt  permit ^ed  the  determination  of  the  ship's 
position  easily  to  vlthin  20  ft,  it  had  the  limitation  that  the  ship's 
location  vas  determintd  only  rslative  to  seas  fixed  point  vhsre  the 
ship  oust  have  b^.  This  fact  combined  with  the  fact  as  noted  that 
five  sources  of  6o-eyele  power  vere  required  (four  on  shore  at  isolated 
locations  and  one  on  the  'ship)  proved  to  be  one  of  the  major  headaches 
In  the  actual  operation  of  the  equipcasnt,  elnce  if  any  of  the  five  power 
suppll'Ss  failed,  it  vas  necessary  to  repeat  the  run  and  return  the  ship 
to  the  heevn  starting  point* 

The  sextants  used  vere  standard  Ravy  issue  except  that  they  could 
be  read  to  10  sec*  The  general  limitations  on  the  use  of  sextants  vere 
fuund  to  be  very  extensive,  since  three  veil  defined  shore  points  whose 
location  is  kzx}vn  are  required  and  the  strength  of  the  fix  approachce 
zero  as  ths  ship  approaches  the  circle  determined  by  the  three  shore 
points*  There  is  the  further  limitation  that  if  very  distant  shore 
points  are  used,  then  even  the  full  aagulsir  acciuracy  of  the  sextants 
results  in  relatively  poor  absolute  precision  of  the  fix.  Finally,  the 
capability  for  finding  and  retaining  ill -defined  objects  vlth  the  sex¬ 
tants  vas  much  poorer  than  with  the  alidades*  For  these  various  rea¬ 
sons,  in  practice  the  sextants  vere  ueed  only  as  a  backup  procedure  for 
locating  the  ship  and  vere  used  only  occasionally* 

A  gyroccffipass  Kk*  Id  vas  Installed  on  the  boat  for  the  use  of 
this  project,  and  tvo  repeaters,  one  on  the  flying  bridge  and  the  other 
on  the  forward  starboard  4o  mm  gun  mount,  vere  Installed.  These  re¬ 
peaters  vere  complete  vlth  alidades  having  a  msgniflcatlon  of  about 
2.5.  In  practice  the  alidades  and  gyrocompass  proved  to  constitute  the 
best  method  of  positioning  the  ship  and  this  equipment  vas  used  either 
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in  conjunction  vitL  t{ai>di»t  or  taut  wiro  in  nearly  all  mna. 

The  taut  wire  equlpoent  conaiatcJ  of  a  drua  about  20  In.  in  di- 
aaater  which  could  be  controlled  by  a  hand-operated  brake,  togetncr  wit:) 
a  pulley  and  counter  for  aearuring  the  amount  of  wire  reeled  out  and  a 
balance  cotiplete  with  fiah  acale  for  meaavxing  wire  tcnaion.  Thia  e- 
qulpaent  was  felt  to  be  the  oo'st  reliuole  of  all  the  procedxirei  for 
locating  the  ahip  and  vae  used  on  all  eurveya.  It  proved,  however,  to 
have  aoae  important  limitatione*  For  one  thing,  the  wire  did  not  run 
freely  and  tended  to  go  into  oscillation  if  the  boat's  speed  was  too 
high.  In  fact,  this  upper  limit  on  the  boat's  speed  was  very  close  to 
the  lover  limit  which  was  rei^uired  for  proper  steering  of  the  boat* 
Occasional  runs  were  encountered  in  which  analysis  'indicated  that  the 
anchor  had  not  remained  fixed. 

2*3  TEST  PROCEDURES  AITO  DISa*S3iai 

2*3*1  Preahot  Surveys 

Preshot  surveys  were  made  to  the  extent  possible  in  the  circum¬ 
stances  of  each  shot. 

For  Shot  1  the  only  presbot  survey  possible  was  to  detensine  the 
water  depths  on  the  lagoon  side  of  the  reef*  As  vaa  expec^’ed,  only  a 
very  small  sector  of  the  area  which  was  ultimately  within  the  crater 
could  be  reached  by  the  survey  boat  before  the  shot.  This  survey  was 
perfonasd  using  aU  of  the  aids  to  boat  location,  and  served  as  a  very 
useful  coaqparlson  and  trial  of  the  various  methods* 

The  preshot  survey  of  the  Shot  4  location  permitted  a  snich  more 
extensive  sxirvoy  since  the  shot  point  was  in  navigable  water*  A  com¬ 
plete  and  fairly  detailed  bottom  survey  was  accomplished  for  roughly  2 
square  miles  of  bottom  In  the  area  of  the  sh6t  point.  In  this  area 
primary  dependence  was  placed  on  the  Raydist  equipment  for  location  of 
the  boat  since  shore  points  vers  distant  and  hsurd  to  see* 

The  preshot  survey  of  Shot  3  vas  comprised  of  contours  run  On 
Tare  Island  by  the  USJf  surveyors  combined  with  a  bottom  survey  made  by 
the  project  group  using  both  Raydist  and  shore  fixes.  Since  the  shot 
yield  was  smaller  than  expected  and  the  crater  vaa  Sklaost  landlocked, 
the  only  aignif leant  preshot  survey  was  made  by  the  fi&M  surveyors* 

In  addition  to  the  sxxrveys  by  which  elevation  and  position  were 
determined,  aerial  photographs  were  taken  of  each  shot  point  for  use  in 
cCc^)arjLson  w^vh  p^sv^show  phOvCgmpuv*  Such  photographs  voro  token  of 
all  shot  points  regardless  of  whether  a  bottom  survey  at  the  shot  was 
contaaplated* 

2*3*2  Fostshot  Surveys 

The  post-Shot  1  survey  was  made  using. all  four  location  aids 
listsd  under  section  2*2*2*  Since  very  fev  shore  points  could  he  iden¬ 
tified  and  they  were  poorly  located  for  surveying  purposes,  a  series  of 
three  buoys  was  placed  in  a  line  on  the  lagoon  side  of  the  crater  to 
serve  as  sextant  aids*  The  buoys  proved  to  be  useless  because  they 
could  not  he  seen  for  the  required  distance  under  the  light  conditions 
which  existed. 
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'o  u.«  tottoa  a-.jnfo/,  E-r,*l  photograph#  cf  tha  cra- 
tar  vara  tajuta  aTtar  tha  I<  a-u^tioo,  to  acalat  in 

trackiof  tha  boat  carr/ln^  tha  fathoaatar,  larlai  pboto^^pba  vara 
taaon  at  2  ain.  ‘  .^rvaJis  during  tha  tina  tea  boat  vaa  in  tha  cratar* 

l^a  fathceaetar  ibovad  that  tha  cra^-r  b«d  raflUad  vlth  vary 
loosa  ^aad  or  sud  to  a  uiilfor?  dapth  aft<ir  tha  ahot*  In  tha  placanant 
of  tha  horga  for  i^t  2,  vhl*:h  >aa  to  ba  firad  at  tha  aaaa  grotind  taro 
location  aa  Snot  1,  tha  UUl  group  itada  laad  l.na  loundinga  prior  to  tha 
placaaant  of  aarkar  buoys  axxd  ao.rs  for  tha  l>v.  ga.  Tha  data  on  thosa 
ao'undings  ara  also  included  in  this  report  as  iridenca  of  tha  cratar 
shape. 

Tha  post'Shot  1  survey  vas  conducted  on  tha  sixth  day  after  tha 
■hot.  At  tha  tijH  of  tha  survey,  tha  radiation  level  10  ft  above  tha 
vatar  surface  vas  23  to  75  nr/hr.  Msasuresaanta  by  other  groups  desson- 
■tratad  that  the  lavala  on  tha  land  araaa  surroundinc  tha  cratar  vara 
Auch  higher. 

ATtar  tba  accoapllshMot  of  tha  post>£230t  1  sxirray  and  tha  pra* 
Shot  3  and  pra-Sbot  «  surveys,  a  discussion  was  bald  of  tha  extant  of 
further  effort  asrltad  in  light  of  tha  uncartaintias  as  to  tiass  and 
locations  of  tha  reaalndar  of  tha  shots.  In  thssa  discussions  it  vas 
brought  out  that  tba  expected  result  of  Shot  3  vould  be  to  raseve  tba 
vastam  and  of  Tara  Islrod  to  a  depth  of  ft.  Since  tba  prashot 

survay  of  tha  vatar  rurrounding  it  shoved  that  tna  island  had  ^uite 
steep  sides,  it  vas  felt  tnat  tha  Masuraaent  of  tha  cratar  vould  hare 
ver:*  U  value  for  tha  prediction  of  cratara  in  locations  vhare  tha 
earth  approached  a  unlfora  plane  rather  than  a  nountsdn  top.  In  tha 
sane  dlscusaicn  it  vas  slso  ccnfidsntly  pradictad  that  ths  result  of 
Shot  a  vould  ba  a  ralatiraly  sdnor  disturbance  at  the  bottoa. 

As  a  result  of  these  diacuasioos  it  vas  agreed  that  a  cxurtall- 
sent  of  effort  regarding  tha  poatshot  survey  of  these  tvo  shots  vas  ap* 
propriata  and  tha  ccnclusiou  vas  rsachad  that  adequate  data  vould  ba 
cbtsdnad  if  tnrea  taut  virc  runs  could  be  obtained  spproxlaating  three 
crater  diaaattrs  acd  that  thaae  runs  could  be  daferrod  for  Shot  3  until 
after  Shot  i*.  Consequently  ti>e  project  grcAip  left  tha  fttvard  area  on 
1  April  and  ratunrM  to  tne  forward  area  on  25  April,  laadlataiy  after 
Shot  4. 

Tba  actual  postsbot  sxirve-y  of  the  Shot  3  cratar  vas  sccsewbat 
=c:difiad  baesutse  tna  yield  vas  such  ssouler  than  bad  been  predicted 
and  hence  tha  crater,  instead  cf  enccot^assing  all  of  tna  vastam  end 
of  tha  island,  vas  such  nearer  to  being  landlocked  vithln  tha  vastam 
end  of  tha  island.  In  acc«'tlng  to  tb>o  pressure  of  tha  continxilng  shot 
schedule  for  CASTLS,  it  vas  dacided  not  to  reastabllsh  tha  Raydist  a* 
quipoent  for  tha  poatshot  aaasureasnts  fur  dhots  3  had 

been  predicted  tha  landJsarijt  availahls  for  visual  location  of  tha  ship 
vare  inadequate.  In  addition,  because  of  tna  tight  snot  schedule  then 
existent,  tha  photcgraphic  airplane  vas  not  anla  to  rendezvous  vith  tha 
boat  to  assist  In  the  Icoatlon  during  the  fsincaeter  surveys.  Coass- 
quastly  tha  crater  lisenA.,.-!#  vere  determined  first  by  the  fatboxaetar 
equipoent  on  tba  ship  jcacinad  vlth  taut  vira  aquipaent  and  later  by 
aor'‘sl  photograpnic  aepp.ng  tecnaiq-es.  In  actual  operation  it  vas 
found  extreaaly  difficult  tc  imaeuv«r  the  LCU  in  txse  narrev  confines 
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of  ao  aaftll  *  crater  and  it  proved  IsipoaslblQ  to  ruo  crooa  wiod  in  auf- 
flclootly  ntrai^t  couraaa  to  uJca  taut  wire  oeaaurcQenta  effective; 
baocai  fur  tvo  of  the  three  runs  a  Dodlfled  procedure  vas  developed  on 
the  apot  by  which  the  beet's  anchor  cable  vas  nsurked  off,  the  boat  vas 
allov^  to  drift  across  the  crater,  and  vas  then  pulled  back  by  the 
anchor  vlncb. 

The  post-Shot  3  aerial  survey  vas  cade  a  few  days  after  the  shot 
but  prior  to  Shot  4.  Froa  this  survey  a  post-shot  contour  aap  shoving, 
of  course,  only  the  section  above  tho  waterline  vas  constructed. 

The  post-Shot  3  fathcceter  siirvey  vas  nade  on  1  Mny,  the  24th 
day  after  the  shot.  Shot  4  liad  intervened  and  the  vater-vave  resulting; 
froai  Shot  4  had  washed  over  the  lip  of  the  Shot  3  crater.  This  had  the 
effect  of  saoothin^  and  lowering  the  lip  to  an  unknown  extent  (believed 
to  be  slight),  filling  in  the  bottoa  of  the  crater  and  reducing  the 
level  of  radioactivity.  iMrlng  the  crater  survey,  the  radiation  level 
10  ft  above  the  water  surface  vas  about  ^0  mr/hr  and  above  tbe  lip  1^00 
mr/hr  to  3500  mr/hr. 

In  the  postshot  survey  in  the  vicinity  of  Shot  4  there  vas  a 
siailar  pressure  of  tias.  A  barge  van  being  put  into  place  for  a  later 
shot  and  it  vas  isipocsible  to  approach  close  to  the  presumed  center  of 
the  Shot  4  crater.  Three  taut  wire  runs  were  obtained  but  for  the  rea¬ 
son  Just  stated  all  axe  chords  rather  than  diojaoters.  Additional  data 
in  regard  to  this  crater  were  obtained  froa  the  Scrlpps  Institution  of 
OcesjQOgraphy,  who  had  run  a  fathesaeter  survey  two  days  previously  to 
permit  suisurance  to  tbe  captain  of  the  USS  Curtiss  that  it  vas  safe  for 
the  ship  to  proceed  into  the  area.  The  fathcejeter  surveys  in  this  area, 
as  in  tho  other  crateis,  shoved  a  very  flat  bottoa,  obviously  the  re¬ 
sult  of  filling-in  of  siud  or  fine  sand  to  obscure  the  bottom  of  the 
crater.  In  addition  to  the  fathoaoter  data,  information  regarding 
lead-line  depth  and  length  of  chain  on  buoys  and  moors  vas  obtained 
froa  the  BAN  group  responsible  for  placestent  of  the  barge  for  the  later 
shot. 
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CHAPTER  3 


RESULTS 


3.1  CEHSRAL 


Tb«  results  of  the  crsiter  survey  are  susiaarlzed  la  Table  3.1* 


.  TABLE  3*1  *  Results  of  Crater  Survey 


Shot 

Yield 

(T!rr  Equip.) 

Location 

Radixia  (R) 
(ft) 

Estimted 
Hsxlsua 
Depth  (D) 

(n) 

Sealed 

Radl^. 

(ft  lb 

D 

R 

1 

14*5  W  , 

Surface*reef 

3000 

240 

0*90 

0*08 

3 

no  KT 

Surface-island 

„(2) 

0*66 

0*19 

k 

6*5  KT 

Surface-vater 
(160  ft  vater 
depth) 

1500^3) 

< 

0*06 

Rotes:  (l) 


At  original  ground  level  vhlch  vas  approxloately  15  ft 
Ku>ovv  sea  jLova<^«  sxCye  of  tbo  abov*0'*vs»tor  Up  froa 
original  ground  level  down  to  sea  level  varies  over  a 
vide  range*  To  the  south  it  Is  quite  steep  end  the 
radius  in  that  direction  nuiges  froa  300  to  tlO  ft*  To 
the  east  and  vest,  bovever,  the  slope  is  extreaely  gentle 
and  the  radius  figure  Is  consequently  uncertain  and  of 
little  significance*  The  asxliaus  ra^ua  appears  to  be 
greater  than  600  ft* 

Proa  original  ground  level* 

Since  there  vas  no  lip  the  radius  is  not  veil  defined* 

The  estlxoated  aaxlmum  depth  of  250  ft  belov  sea  level  or 
90  ft  belov  the  original  lagoon  bottoa* 


In  stxulilng  large  craters,  either  on  the  site  or  in  a  report,  it 

24 

SECRET  -  RESTRICTED  DATA 


is  e&sy  to  ovtirlook  the  fact  that  the  depth  Is  quite  sTbSiIl  when  com> 
pared  to  the  diaaeter*  To  oake  this  point  clear  the  upper  part  of  Pig* 
3*1  baa  been  drawn  to  ahov  typical  profilea  of  Shots  1,  3,  and  4,  all 
to  the  aaoe  scale  and  with  the  aaae  scale  for  vertical  depths  and  hori¬ 
zontal  depths*  These  saae  profiles  are  repeated  in  the  lover  part  of 
Fig*  3*1  vhere  vertical  distances  are  enlarged,  by  a  factor  of  10*  This 
expansion  .of  depths  has  been  made  in  all  of  the  following  figxires* 

It  vlU  be  noted  froa  Fig*  3*1  that  the  depth  on  Shot  3,  rela¬ 
tive  to  diameter,  is  very  ruch  greater  than  on  Shot  1*  In  scaled  terms 
the  thickness  of  sand  belo**  the  shot  point  and  above  the  water  was  much 
greater  on  Shot  3  than  on  Shot  1*  It  is  probable,  however,  that  the 
greater  relative  depth  of  Shot  3  i*  primarily  a  function  of  the  yield, 
since  it  seems  to  be  well  established  that  small  explosion  craters  have 
greater  relative  depth  than  large  ones* 

3*2  SHOT  1 


Figure  3*2  is  a  presbot  photograph  of  the  Shot  1  area  on  which 
the  C/ISTLB  grid  is  shown*  On  Fig*  3*3,  which  is  the  postsbot  photo¬ 
graph  of  the  same  area,  in  addition  to  the  CASTLE  grid,  three  lines 
(A-B,  C-D,  and  E-F)  have  been  drawn*  These  lines  represent  the  tracks 
that  the  survey  ship  followed  while  the  profiles  presented  la  Fig.  3*^ 
were  obtained*  On  these  and  all  other  profiles  zero  elevation  has  been 
taken  as  the  datum  plane  on  which  the  tide  tables  are  based:  0*^  ft  be¬ 
low  mean  low-water  springs* 

The  survey  with  the  sonic  fathometer  shoved  a  uniform  flat  bot¬ 
tom  at  a  depth  of  170  ft*  This  flat  bottom  undoubtedly  represents  the 
upper  surface  of  aud  and  suspended  sand  which  was  settling  in  the  cra¬ 
ter*  In  mooring  the  barge  for  Shot  2  at  the  same  ground  zero,  H&N  ob¬ 
tained  lead  line  soundings  of  240  ft  and  it  is  believed  that  this  figure 
reprssents  the  depth  of  the  crater  of  Shot  I* 

3*3  SHOT  2 

Since  Shot  2  was  fired  on  a  barge  in  the  center  of  the  Shot  1 
crater,  no  military  significance  attaches  to  the  crater  formed  by  it  . 
and  no  fathometer  measurements  of  it  were  made;  an  aerial  survey,  how¬ 
ever,  was  made  and  a  photograph  is  shown  ss  Fig.  3*S 

3*4  SHOT  3 

Figures  3*6  and  3*7  pre*  and  post -Shot  3  photographs*  It 
should  be  noted  that  these  photographs  are  to  a  different  scale  than 
Figs*  3*3  wid  3*4  so  that  the  size  ol  ttw  craters  cannot  be  compared 
frea  the  photographs* 

Figures  3*6  and  3*9  contour  traps  showing  the  oitviation  for 
Shot  3  before  and  after  the  shot,  respectively.  In  the  uppe*'  part  of 
Fig*  3*10  these  two  contour  maps  have  been  combined  to  show  the  contours 
of  the  difference  in  elevation  produced  by  the  shot*  On  this  sazae  chart, 
the  location  of  the  traverses  run  by  the  JiCU  are  also  shown*  In  the 
lower  pert  of  this  figure  and  in  Fig.  3*11,  crater  profiles  are  shown 
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for  the  traversti  indicated*  It  vlU  be  noted  that  the  eaat-vest  pro- 
file  particularly  ihowa  that  the  elope  of  the  lip  ia  very  slight  and 
that  there  is  al::joet  no  elevation  above  the  original  ground  level.  As 
a  result  of  this  gentle  slope  the  radius  at  original  ground  level  be> 
coaes  difficult  to  determine  and  very  sensitive  to  elevation  errors  In 
the  contour  maps* 

The  upper  part  of  Fig.  3»10  is  a  nap  of  the  Shot  3  area,  shoving 
the  traverses  made  by  the  ship  vhlle  the  data  for  the  profiles  vere 
being  taken.  The  profiles  are  shovn  on  the  bottom  of  Fig*  3*10  and 
Fig.  3*11.  }4ark  numbers  are  shown  on  the  traverses  and  on  the  profiles. 
It  is  to  be  noted  that  the  survey  of  Shot  3  vas  made  24  days  after  the 
shot  itself  and  that  the  wave  produced  by  Shot  4  had  completely  Inun¬ 
dated  the  lip  of  the  Shot  3  crater,  pecause  of  the  high  level  of  rsilo- 
actlvlty  It  vas  not  possible  to  accomplish  any  survey  of  the  above- 
water  portion  of  the  crater  and  consequently  the  diameters  and  the 
height  of  the  lip  at  the  original  ground  level  are  subject  to  some  un¬ 
certainty. 

3.5  SHOT  4 


Figures  3*12  and  3*13  ohow  a  aiailar  map  and  prof Ilea  of  the  Shot 
4  area*  Again  tha  numbers  on  the  figures  correspond  to  msirk  numbers 
taken  during  the  survey.  As  noted  in  section  2*3*2,  because  of  the 
interference  of  other  activities  on  the  day  the  survey  vas  made,  it  vas 
not  possible  to  run  diametral  traverses  and,  as  shown  on  Fig*  3*12,  the 
chord  traverses  actually  depart  from  the  center  rather  far.  For  this 
reason  a  dlazoetral  profile,  ABCD£,  has  been  estimated  from  the  results 
of  the' three  chord  profiles  shown.  Prior  to  the  shot  the  lagoon  floor 
at  the  shot  point  vas  at  a  depth  of  162  ft.  The  bottom  In  the  vicinity 
vas  quite  irregular,  with  a  general  elope  toward  the  center  of  the  lagoon 
and  with  a  large  number  of  corel  heads*  The  post-shot  survey  indicated 
that  the  effect  of  the  shot  vas  to  pulverize  or  depress  ths  bottom  di¬ 
rectly  under  the  shot  point  and  to  destroy  the  coral  heads  in  the  vicini¬ 
ty*  Mud  or  fine  (almost  suspended)  sand  vas  deposited  as  Indicated  in 
the  profiles  at  a  uaifonn  depth  of  about  l80  ft.  Lead  line  soundings 
by  H&H  during  the  placement  of  the  barge  for  a  later  shot  gave  a  depth 
of  250  ft. 

3.6  COMPARISON  VfITH  OTHER  SURFACE  SHOTS 

On  Fig.  3*14  crater  radius  is  plotted  as  a  function  of  yield  (log 
scales  both  ways)  for  all  surface  shots  for  which  data  are  readily  avail¬ 
able,  Those  data  include  256  lb  TNT  charges  in  clay  and  silt-gravej  at 
Utah  and  Nevada,  together  with  similar  charges  in  vet  clay  and  sand  at 
Camp- Cooke*  All  the  other  points  are  nuclear  explosions  ranging  freas 
the  JANGLS  surface  shot  in  Nevada  to  CASTLS  Shot  3>  IVT  Mike,  and  CAS¬ 
TLE  Shot  1  in  the  Pacific,  Thus,  the  points  plotted  Include  a  vide 
varlaticn  in  soil  characteristics  and  an  extremely  vide  variation  in 
yield.  It  is  particularly  to  be  noted  that  no  account  has  been  taken 
of  the  gross  difference  in  energy  partition  between  TNT  and  nuclear  ex¬ 
plosives,  While  the  points  plotted  (with  the  single  exception  of  the 


26 

SSC^ET- RESTRICTED  DATA 


JAI?CiL&  aurfactt  shot)  11«  vithiu  the  bouode  of  scaled  radius  ■  0*^  and 
scaled  radius  «  2,  It  oust  not  be  concluded  that  craters  la  the  future 
vlU  lie  vlthln  these  bounds.  At  a  mlnlxaua,  analysis  to  indicate  the 
effect  of  soil  characteristics  and  the  change  in  energy  partition  vill 
be  required  before  reasonable  bounds  for  crater  predictions  can  bo  spe¬ 
cified.  It  is  also  to  be  noted  that  the  height  of  burst  is  a  sensitive 
parsMter  in  affecting  crater  diaensions  froa  "surface"  shots. 


WTSWOT 


T 


lOWTM,  »C^S 

toon  PT 


Tig.  3«1  Representative  Crater  Profiles^  Shots  3,  and  4 
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ng«  3«2  FJrtfhot  1  ArtA 
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n««  3*3  PorUbot  1  irta 
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Tig.  3*^  Crat«r  ProTllos*  Shot  1 
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Fig*  3*5  Postsbdt  2  Area 
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Tig*  3*6  I^sfaot  3  Arta 
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?iC0  3*3  Proflhot  3  Coatour* 
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Fig,  3.9  Pootsbot  3  Contours  -- 
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yt**  3»11  Cratar  Profll*g,  Shot  3 
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?lg.  3.12  Mftp,  Shot  4 
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CRATER  RADIUS  (FT} 


YIELD 

SOIL 

RADIUS 
(I'D  (A) 

SHOT  - — 

1 

2S6  LB 

WET  SAND 

10.2  1.6) 

MOLE  307 

2 

2SB  LB 

DESERT 

ALLUVIUM 

6.4  LOI 

MOLE  206  _ 

(NEVADA) 

3 

1.2  KT 

DESERT 

ALLUVIUM 

45  034 

JANGLE»S 

(NEVADA) 

4 

no  KT 

CORAL 

400  0.66 

CASTLE -3  - 

S 

10.5  MT 

coral 

3120  1.13 

IVY  MIKE 

6 

14.5  MT 

CORAL 

3000  0.98 

CASTLE -1 

200  20CO  20^0  LB 

I  10  100  1000  TON'S 

I  10  ioq  1000  KT 
'  I  10 

YIELD  (TNT  EQUIVALENT) 


100  MT 


fig*  3.X4  Cr»t«r  R«diu«  u  «  Fuactloa  of  Held,  Surfao#  Shot# 
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CnAPTER  k 


PaEDiatON  OF  CRATERS 


MCTjCROUro 

l!b«  dAt«  rt(iuir«d  in  r«gard  to  luay  fp«clf Ic  Mgmton  explodon 
for  vhlch  a  prediction  of  the  crater  le  deelred  ere  (l)  the  yleldi  (2) 
the  type  of  eoil^  and  (3)  the  depth  or  height  of  b\ir«t.  With  this  in- 
formtloOf  It  Is  then  appropriate  to  look  at  the  existing  evidence  and 
nsasiirestents  end  to  develop  rational  procedures  for  extrapolation  or 
Intexpolatlon* 

Ihe  craters  from  explosions  high  above  the  sxurface  are  slgnlfl* 
caatly'  different  froa  those  forasd  by  lover  explosions  In  that  they  are 
depressions  rather  then  excavations.  It  Is  believed  that  such  craters 
are  of  relatively  slnor  laportunce  froa  a  nllltary  standpoint  and  they 
ore.,  thsrefore,  not  considered  here. 

As  Mntlooed  la  section  1.3i  it  Is  believed  that  an  atteapt  to 
dlstlngulah  true  frost  apparent  craters  becooes  less  and  less  realistic 
as  largtr  and  larger  yields  are  considered.  In  this  report,  only  ap¬ 
parent  craters  are  considered. 

In  previous  analyses  of  crater  data,  the  horizontal  d  leans  Ion 
used  has  soaatlaes  bean  dlsneter  end  soaetlxaes  radius,  and  these  values 
bays  been  aeasured  sauetiaes  frea  lip  to  lip  ajod  scaetieas  at  the  origi 
nal  ground  level*  In  this  report,  only  radiua  at  original  ground  level 
Is  ccnaldsred. 

In  revievlng  -che  existing  data  froa  a  broad  point  of  view  and 
vitii  tov  objective  ox  crater  prediction  for  swgatoo  explosions  In  aind, 
the  foUovlng  facts  stand  out: 

1.  All  the  data  froa  vhlcb  soils  can  be  conpared 
art  contained  In  e:qperls»ats  Involving  relatively 
saoll  q>iantltles  of  IW* 

2.  In  those  situations  where  acre  than  oi»  explosion 
has  been  fired  under  presumbly  identical  condi¬ 
tions,  an  important  scatter  of  the  dinentlona  of 
the  resulting  craters  Is  apparent* 
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3*  Tuo  rttoge  over  which  these  detA  suet  be  extrepo* 
leted  in  order  to  penult  prediction  of  raegeton 
cretere  ie  enonaouoly  greeter  than  the  rengee  of 
extrApoletlon  cocnonly  eccoopliehcd  In  engineering 
or  icientL^ic  fields.  The  cltuetion  is  roughly 
equivalent  to  an  ettecq>t  to  predict  the  penetra¬ 
tion  of  the  projectile  frc«  a  new  anti-tank  gun 
through  antorplnte  based  on  observation  of  laany 
Bsasureasenta  of  the  penetrct^on  of  EB’s  froa  an 
air  rifle  through  tin  cans  plus  a  few  sMaauresaents 
of  the  penetration  of  .4^  pistol  bullets  through 
pine. 

As  a  result  of  these  facts  any  extrapolatioo  procedure  is  inevitably 
associated  with  quite  a  large  uncertainty  in  the  final  result.  In 
ranking  any  sxtrapolation  it  is  believed,  consequently,  that  it  is  of 
sajor  iaportance  to  indicate  the  order  of  mgnitude  of  the  uncertainty 
involved  as  veil  as  the  extrapolation  itself. 

At  the  outset  of  any  atter:q>t  to  develop  extrapolation  procedures, 
ono  is  faced  vi,th  a  philosophical  choice.  On  the  one  hand  he  say  look 
critically  into  the  mechonisa  of  the  phenccanon  and  on  the  basis  of 
physical  or,  in  this  ease,  aachanical  analyais,  study  tha  eausas,  the 
effects,  and  the  influence  of  spscific  pamssaters.  Alternatively,  he 
aay  adopt  the  attituda  that,  in  a  coiqplicated  phanoaanon  such  aa  crater 
fonaation,  the  atehanlsaa  by  which  causes  and  effacta  are  Interrelated 
ure  so  unknown  aa  to  be  for  the  wamit,  unkxioveble,  and  hanoe  conclude 
that  the  appropriate  approach  is  tha  eopirical  extrapolation  of  the 
existing  data  into  tha  range  of  paraaeters  where  prediction  la  desired. 
It  is  the  author's  opinion  that  the  second  approach  is  the  icore  realis¬ 
tic  one  under  the  eireuasstances  involved  in  the  present  problea  and  that 
la  the  approach  described  in  the  reminder  of  this  report.  The  woat 
iiaportant  deviation  froa  past  thinking  occasioned  by  this  approach  is 
that  cube  root  scskling  is  on  this  basis  discarded  as  a  prlmry  tool  in 
the  extrapolation  and  is  used  only  for  aaaistar.ce  in  relatively  dnor 
aspects.  In  adopting  an  empirical  approach,  it  would  of  course,  be  ab- 
suz^  to  ignore  the  infoxsation,  however  sasager,  in  regard  to  the  physi¬ 
cal  BMchanisa  and  particularly  in  the  distinction  between  the  nechanlsas 
occurlng  in  WS  and  in  nuclear  exploaions.  Cn  the  other  hand,  it  la 
believed  that  too  auch  dependence  on  enzbe  root  scaling  is  likely  to  give 
tha  illusion  of  a  precisico  in  prediction  unjustified  by  the  facts. 

The  developmnt  described  below  was  undertaken  within  the  fraae- 
vork  that  the  desirable  result  froa  a  ailltary  standpoint  is  tha  con¬ 
struction  of  graphical  or  analytical  relations  such  that  knowledge  of 
the  yield,  soil,  and  depth  will  perait  easy  prediction  of  tha  crater 
dlaanaioos.  It  la  postulated  that  the  ahape  of  a  crater  for  the  cra¬ 
ters  of  interest  is  primrily  dependent  on  its  size  and  hence  the  first 
attespt  is  to  predict  crater  radius  In  term  of  the  three  paramters 
Just  nnitioncd,  with  the  expectation  that  a  later  analysis  can  be  isado 
to  predict  depth  and  other  shape  aspects  once  the  radius  prediction  has 
been  accocqxlished. 
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DEVSLOPt-CTr  or  nts  extrapolation  method 


It  WM  decided  to  study  first  the  effect  of  soil  type,  second 
the  effect  of  depth,  end  third  the  effect  of  yield.  In  locking  nt  the 
evAileble  inforastlon  it  v&e  at  once  apparent  that  in  regard  to  both 
soil  type  and  depth  the  data  on  negaton  e;<pl08ions  are  useless,  since 
these  shots  vere  all  fired  at  one  depth  (essentially  zero)  and  in  one 
soil  type  ('’coral"  atoU):  hence,  it  was  finally  recognized  that  the 
genaazM  approach  appeared  to  be  to  look  first  only  at  TlfT  data  and  fros^ 
these  data  to  establish  an  extrapolation  procedure;  second,  to  adjust 
the  Yolues  of  the  parasMters  so  that  the  JAIXILE  underground  and  JANCLZ 
surface  shots  would  be  consistent;  and  finally,  to  investigate  the  sensi¬ 
tivity  of  the  procedure  and  compare  the  results  with  the  measureaents 
of  nuclear  craters  in  the  Marshalls. 

Nevada  soil  is  an  appropriate  one  to  look  at  first  since  there 
are  considerable  BX  data  a^  data  froa  two  nuclear  shots.  In  that  soil 
data  are  available  in  the  range  ■  -0.13  to  -f  1.0.  Within  this  range 
greatest  interest  lies  in  the  neighborhood  of  ■  0.l4.  The  data  on 
the  TNT  shots  of  this  scaled  depth  are  plotted  in  Fig.  4.1  which  shows 
crater  radius  plotted  against  yield  on  log  paper  both  ways.  Figure  4.2 
is  a  siailar  plot  for  data  on  TNT  at  scaled  depth  X^  a  0.^  and  X.  b 
-0.14  (ninus  indicates  above  the  surface).  The  scatter  of  the  points 
shown  on  these  graphs  is  typical  of  the  scatter  sho  m  in  every  case 
where  several  essentially  identical  shots  have  been  fired.  It  is  be¬ 
lieved  conservative  to  say  that  the  uncertainty  in  the  value  of  radius 
for  any  specific  ccoblnation  of  soil  type,  charge  size,  and  charge  depth 
is  at  least  10  per  cent.  Consequently  the  plus  and  lainus  10  per  cent 
liaits  at  the  maxi  mim  and  nULnioua  charge  sizes  shown  here  are  narked 
on  Fig.  4.1.  For  extrapolation  purpo^.s,  the  reciprocal  slope,  a,  of 
the  aost  probable  line  is  found  to  be  3.4.*  To  permit  an  estimate  of 
the  uncertainty  in  extrapolation,  maxijnun  and  toininum  slopes  within  the 
10  per  cent  uncertainty  Just  nentioned  have  also  been  plotted.  These 
slopes  are  found  to  be  a  ■  3.0  and  n  »  4.1.  This  eleiaentary  analysis 
has  been  undertaken  wizh  the  data  on  Fig.  4.1  only  and  lines  of  the 
slopes  so  determined  have  then  been  drawn  on  Fig.  4.2.  The  analysis 
has  been  limited  to  Fig.  4.1  both  because  the  scaled  depth  X^  ■  0.l4  is 
of  major  interest  and  also  because  a  greater  range  of  yields  for  TNT 
shots  is  available  for  this  scaled  depth  than  for  any  other. 

It  is  apparent  that  m,  the  reciprocal  of  the  slope  when  crater 
radius  is  plotted  against  yield  on  a  log-log  basis,  is  related  to  R  and 
W  in  the  foxlowlxig  way:  2. 

m 

R  B  KW  . 

In  the  remainder  of  the  report  "m"  is  referred  to  as  the  "scaling  ex¬ 
ponent.  " 

Now,  using  the  best  fit  value  for  m,  3*4*  and  the  experimental 
data  of  Tables  A. 4  and  A. 6,  the  solid  line  on  Fig.  4,3  has  been 


*  The  actual  value  measured  on  the  graph  is  3*39»  It  is  believed, 
however,  that  the  second  figure  is  of  somewhat  doubtful  validity 
and  hence  all  such  nunoers  arc  rounded  off  to  two  figures. 
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CRATER  RADIUS  (FT)  CRATER  RADIUS  (FT) 


4«1  Cr«t«r  Raditui  ts  litldt  S«v«dAf  «  0*14 


4.2  Orator  Radius  vs  Iloldf  Novadat  Xq  “  0.5  sod  X^  •  -O.H 
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Fig.  4,3  Scaled  Crater  Radiua  v§  Scaled  Charge  Depth, 

Nevada  (an  3,4) 
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cor.atructeJ.  Co  tMs  ri^iirc  t.  c  scaled  radius  (on  the  basis  sa  ■  3»**)# 
la  plotted  s^alnat  the  scaled  cha.:>:e  depth  (on  the  basis  a«  3)«* 

Tl;e  n'*xt  step  is  the  dotonalnntlon  of  the  curve  for  nuclear 
charges  Vused  on  this  curve  for  ‘HTr  cliarges.  In  this  procedure  con¬ 
sideration  oust  be  given  to  the  difference  in  stechaulsai  of  nuclear  SLod 
T!iT  bursts,  psirticulorly  for  bursts  on  the  surface  or  at  very  low  heights 
above  the  surface. 

In  the  early  stages  of  a  nuclear  explosion  fired  at  or  near  the 
Interface  between  air  and  esu^h,  the  shock  wave  velocity  is  very  Buch 
higi.er  in  the  air  than  in  the  earth;**  hence,  at  a  ti;ae  when  the  nuclear 
explosion  process  bos  proceeded  to  the  point  where  the  average  energy 
dens ity***vl thin  the  boundoxy  of  the  shock  wave  is  equal  to  the  averogo 
energy  density  at  tho  surface  of  a  ephericol  TITT  charge  which  hsis  been 
detonated  at  its  center,  the  envelope  of  the  nuclear  explosion  is  es¬ 
sentially  heal spherical.  If  average  energy  density  is  a  goo4  criterion 
cf  crater  size  and  shape,  then  on  this  boais  the  crater  foraed  by  a 
given  nuclear  energy  release  on  the  surface  should  be  slailar  to  the 
crater  foraed  by  a  TOT  charge  of  the  soae  yield  fired  well  above  the 
surface. *♦*♦  Xbe  crater  resulting  froa  a  nuclear  surface  charge  should 
differ  extensively  froa  that  produced  by  a  TOT  charge  whose  c.g.  is  at 
the  surface,  both  because  of  the  different  aechanlsa  mentioned  above 
end  because  a  heaisphericol  excavation  wan  required  before  the  Tin  charge 
cculd  be  placed. 

Consider  a  nuclear  charge  at  A  ^  ■  -0.13 .  Within  its  tihock  wave 
tbe  total  energy  will  be  identically  the  sooe  os  that  within  a  sphere 
cf  TOT  tangent  to  the  surface  when  both  shock  waves  reach  the  surface. 
This  argvrscnt  can  be  sursaarized  by  saying  that  the  crater  radius  pro¬ 
duced  by  a  lew  aboveground  nuclear  shot  shoxild  be  essentially  indepen¬ 
dent  cf  height,  and  (if  the  efficiency  were  ICO  per  cent)  should  have 
about  the  sihae  value  os  that  produced  by  a  TOT  shot  at  ■  -0.13*  Cn 
this  basis  the  dotted  curve  in  the  region  AB  has  been  drawn  on  Tig.  4.3. 

•  oince  ti.e  range  of  scaled  depths  is  saoll  in  the  interval  of  greatest 
interest, the  distinction  between  deteralnlng  scaled  depths  on  the  basis 
a  «  3,0  and  on  the  bwls  ra  »  3*4,  ia  relatively  trivial  and  will  not 
ai'fcct  Uie  ccoclusicns  reached  in  this  analysis.  . 

*•  D.T.  Griggs,  in  predicting  tne  effects  of  JAIKILE  ui/coaputes  shock 
wave  velocities  in  air  to  be  approxiiaately  25  tlaes  those  in  soil  in 
tne  radius  range  frea  cpproxlaately  A  ■  0.1  A  »  1,0.  Siallorly, 
Fofzei,  in  predicting  tne  effects  of  IVT  Mlkc,h/estlxDate8  shock  veloci¬ 
ties  in  the  air  and  water  sosiked  sand  for  high  overpressures  such  that 
lu  the  early  stages  of  a  nuclear  explosion  the  ratio  of  velocity  in  air 
to  velocity  in  soil  aay  be  as  high  as  1000:1. 

*♦*  By  "average  energy  density"  is  meant  the  totel  energy  contained 
within  the  shock  wave,  divided  by  the  .total  voluse  within  it. 

**♦*  Actually,  os  Porzel  points  cut,i/at  a  tlae  when  the  nuclear  shock 
xave  has  reacned  the  same  radius  as  tjjat  of  the  TOT  sphere  of  equiva¬ 
lent  energy  release,  (and  hence  when  average  energy  denflties  ore  cqxutl) 
there  is  still  an  enonaous  difference  in  the  two  situations  since  the 
aaLS  enclosed  within  the  shock  wave  In  the  case  of  TOT  is  sone  1500 
tines  that  in  the  nuclear  case.  Hence,  in  the  nuclear  situation  the 
pressures  are  very  much  higher  and  the  durations  shorter  than  In  the 
Ttrr  situation. 
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SlDC«  th«  «ui«r(Dr  partition  la  tha  tvj  typca  of  axploaioo*  la 
alsalficantly  dlfferanti  particularly  In  tha  rou^lxly  15  p^r  cent  of 
tha  yield  of  a  nuclaair  explosion  vtilcb  takes  the  fona  of  proopt  radia¬ 
tion,  it  saeas  oecasaary  to  consider  an  efficiency  factor  less  than  1 
for  nuclear  explosions  as  far  as  the  craterlix^  effects  are  concerned.* 
CxperlsMntally,  evidence  on  this  point  is  siea^r  in  the  extreoe,  being 
linitad  to  the  JAlyQLS  surface  and  JANGLS  underground  shots.  At  this 
point  it  is  useful  to  consider  the  nuasrlcal  data  on  the  JASQLS  surface 
and  the  JAUQLZ  vtndsrground  shots.  The  data  froa  these  tvo  shots  can 
be  placed  on  this  curve  vlth  s  ss  s»  PvmTm  Astsr;  thus  the  curve 

DE  on  Tig*  4.3,  represents  the  JA3GL&  surface  shot  for  a  radiocheaical 
yield  of  1.2  KT  tiiaas  the  efficiencies  shown  on  the  curve,  vlth  radius 
scaled  on  the  basis  a  w  nnd  charge  depth  (height)  scaled  on  the 
basis  ■■3*  Siallarly  the  curve  FO  represents  the  JAIICLS  underground 
shot  data  on  the  basis  1.2  KT  tisass  the  efflcieccles  shown  there,  using 
the  saae  procedure.  It  will  be  seen  that  curve  DB  for  the  JASCL2  sur¬ 
face  shot  intersects  curve  AB  at  an  efficiency  of  about  60  per  cent  and 
that  curve  TO  representing  the  JANGLE  underground  shot  intersects  the 
TNT  curve  at  an  efficiency  of  10?  per  cent.  It  is  not  suggested  that 
these  values  of  efficiency  are  correct,  but  their  ccBperatlve  values 
are  at  least  in  the  direction  expected.  It  is  recognised  that,  in  ac¬ 
cordance  \/lth  the  definition  of  the  equivalent  TNT  charge,  the  efficiency 
of  the  J.V2iCLS  surface  shot  should  be  defined  ea  thr  'ralua  at  the  inter¬ 
section  of  curve  DB  with  the  solid  cuznre.  It  is  nevertheless  believed 
that  there  are  such  gross  differences  in  Mchsnlaa  between  nuclear  and 
TOT  explosiona  in  this  region  of  does  above-surface  shots  that  the 
equivalence  snould  be  divided  into  tvo  parts,  one  of  which  is  concerned 
with  the  disparity  la  the  fora  of  tha  blast  wave  and  the  other  is  con¬ 
cerned  with  the  reasoning  eleaents  of  efficiency.  It  is  felt  that  the 
value  of  107  P«r  cent  obtained  on  this  curve  for  the  JAU3LS  underground 
shot  Is  probably  unrealistic  for  the  following  reason.  It  is  clear  that 
values  of  tne  scaling  exponent  a,  and  values  of  efficiency,,  can  be  paired 
to  fit  any  crater  saeasureaant  froa  a  specific  yield  and  depth.  Since 
it  is  felt  that  efficiencies  at  greater  depths  than  17  ft  should  prob¬ 
ably  be  higher  than  at  that  depth  and  since  it  Is  also  felt  unlikely 
that  nuclear  efflclenciee  are  higher  than  100  per  cent,  it  appears  that 
this  valus  of  efficiency  for  the  JANGLE  underground  shot  is  on  the  high 

*  For  prosent  purposes,  efficiency  aay  be  defined  ss  the  ratio  of  the 
total  energy  release  of  an  equivalent  TOT  charge  with  that  of  a  nuclear 
explosive.  The  equivalent  INT  charge  nmy  be  defined  as  the  charge  which 
at  the  sane  actual  (not  scaled)  depth  produces  the  sniae  crater.  Since 
In  both  TOT  axxl  nuclear  explosions  it  seeas  reasonsbly  established  that 
only  a  saell  fraction  of  the  toted  energy  released  esn  be  accounted  for 
in  crater  production,  there  1*  no  phlloeophlcal  reason  why  the  efficiency 
of  a  nuclear  exploeicn  as  dsfijsed  above  need  be  lisdtsl  to  100  per  cent; 
however,  at  all  tiSMS  of  Interest  in  the  fonsatlca  of  craters  the  pres¬ 
sure  within  a  nuclear  explosion  Is  higher  than  that  within  the  equiva¬ 
lent  lOT  explosion  snd  hence  at  the  tiae  venting  takes  place  a  greater 
fraction  of  the  energy  in  a  nuclear  explosion  should  be  dissipated  to 
the  air. 
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aide  of  reality.  Since  thia  unrealistic  efficiency  ie  paired  vitU  the 
value  a  ■  3*4,  it  ie  consequently  likely  that  this  vadue  of  a  io  also 
too 

The  procedure  described  for  constructing  both  the  TTfT  and  the 
nuclear  curves  shovn  on  Fig*  4.3  csn  be  perfonsed  equally  veil  using 
values  of  a  other  than  the  aoat  probable  value  of  3*4*  Other  appro* 
priate  vadues  of  a  as  indicated  on  Fig*  4.2  are  3*0,  representing  both 
conventiooed  cube  root  scaling  and  the  lover  limit  of  slope  on  the  basis 
of  the  10  per  cent  unc»*rt-ainty  ia  experisentai  v*iu«s  postiiiated  earlier 
and  4.1  representing  the  upper  limit*  Both  curves  have  been  plotted 
together  on  Fig.  4.4. 

Sincei  for  military  purposes^  it  is  believed  that  the  data  for 
extrapolation  sboidd  be  available  in  the  simplest  possible  fora  for 
quick  use  vlthout  cosqputation>  the  nuclear  curves  shenm  on  Tigs.  4*3 
azid  4.4  have  been  re*plotted  in  the  fora  of  radius  in  feet  against 
charge  depth  in  feet,  with  yield  as  a  parameter*  This  has  been  dene  co 
Fig*  4*5.  in  vhich  for  each  yield  shovn  both  the  aost  probable  value 
(a  m  3.4}  and  the  lixaiting  values  a  ■  3*0  and  4.1  are  shovn. 

The  estimates  for  this  soil  for  the  laost  probable  value  of  a 
(a  m  3*4)  are  re*plotted  on  Fig.  4*6.  Range  of  uncertainty  (a  ■  3.0 
and  a  «  4.1)  are  indicated  by  short  horitontal  bars  attached  to  each  of 
the  parametric  yield  curves. 

The  earn  kind  of  ansdysis  has  been  earned  through  for  dry  clay, 
dry  sand,  vet  clay,  and  sandstone  and  the  results  of  these  analyses  are 
included  in  Figs.  4*7  through  4.10.  In  the  case  of  these  other  soils 
no  nuclear  data  are  available  and  hence  the  efficiencies  found  in  the 
nevada  soil  have  been  used  in  the  folloving  fashion.  For  the  aost  prob- 
ehle  value  of  the  scaling  exponent  a  in  each  of  these  other  soils,  the 
variation  of  efficiency  with  depth  at  Ifevada  for  a  ■  3*4  has  been  used. 
Siailarly,  for  the  lovest  value  of  a  for  each  of  these  other  soils  the 
sane  variation  of  efficiency  vith  depth  has  been  used  as  vas  found  at 
Hevada  for  the  lowest  value  of  a  there,  namely,  3*0.  The  corresponding 
analysis  has  been  aads  for  the  upper  limiting  value  of  a. 

The  aoat  probable  and  limiting  valuea  of  a  for  all  the  soils  re* 
ported  here  ore  listed  in  the  table  belcv,  la  each  case,  the  available 
data  have  been  plotted  in  the  same  fora  aa  vas  shovn  on  Figs.  4.1  and 
4.2,  the  best  straight  line  vas  drawn  for  those  points  and  then  values 
of  radjLUS  10  per  cent  above  and  belov  the  curve  were  aarksd  at  the  up* 

dure,  the  limiting  values  of  s  have  the  greatest  range  for  those  soils 
in  which  no  large  TIfl  charges  have  been  fired,  and  this  la  appropriate, 
since  in  fact  the  extrapolation  is  less  certain  in  ouch  case?. 

In  the  cast  of  vet  clay.  Fig.  4,8,  bo  little  TlfT  data  are  avail* 
able  that  crater  radivia  has  been  predicted  onlv  for  the  aoat  probable 
value  of  the  scaling  exponent  a. 


*  It  vas  decided  not  to  revlev  Tirr  data  froa  charges  less  than  200  lb. 
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Tig,  k,k  Scaled  Crater  Radius  v*  Scaled  Qiarge  Depth, 
Revada  (a-  3.0,  a«  4,1) 
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(FT) 


CRATER  RADIUS  (FT) 

Fla.  4.6  Cr»t«r  v«  Chwg*  Depth,  Krr..*!* 
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Fig,  4,7  Crater  Radlue  ve  Charge  Depth,  Dry  Clay 
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714*  ^*8  CnX*r  Bfidlus  7t  Chargs  Depth,  Vet  Clay 
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flgo  4.9  Cr«t«r  Badlus  vt  Chars*  Depth,  Dry  Sand 
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CHARGE  DEPTH  (FT) 


4.10  Crat«r  RadJLiu  vc  Cbari^o  Depth,  SciuUtoa* 
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TABLH  4.1  -  Scaling  Exponent,  m,  for  Several  Soil* 


Soil 

Most  Probable 

Minimum 

Maxi sum 

Nevada 

3*4 

3*0 

4*1 

Dry  Clay 

2*9 

2*8 

3*2 

Wet  Clay 

2*5 

2*0 

3*3 

Dry  Sand 

2*7 

2*6 

3*2 

Sandstone 

3*6 

3*4 

4.1 

In  Fig*  4.11  the  resulte  for  surface  chargee  in  varloue  toile  are 
shovn.  For  each  soil  the  line  drawn  le  that  for  the  most  probable  value 
of  a.  Cn  this  curve  also  are  shovn  the  nuclear  craters  at  Nevada  and 
In  the  Karshalle*  In  plotting  the  results  of  the  nuclear  explosions 
on  this  figure,  the  value  of  efficiency  found  for  the  JANGL?  surface 
shot  for  the  scaling  exponent  a  "  3*4,  nai&sly  60  per  cent,  has  been 
assumed  to  be  applicable  to  the  explosions  in  the  Faciiic.  The  loga- 
ritholc  grid  has  been  adjusted  in  the  region  of  1  KT  to  include  this 
efficiency  for  all  larger  yields*  Hence  the  graph  can  be  entered  di¬ 
rectly  with  the  value  of  radlochealcal  yield*  This  graph  gives  a  real¬ 
istic  indication  of  the  uncertainty  in  crater  prediction  depending  on 
the  properties  of  the  soil* 

All  data  that  have  been  used  in  the  developoent  of  the  extrapola¬ 
tion  method  presented  here  are  suazaarizcd  in  Appendix  A*  This  appendix 
also  includes  data  for  soms  TlfT  shots,  namely  those  in  vet  sand,  rs 
well  as  some  nuclsar  charges,  such  as  Trinity,  vhich  vers  not  used  in 
the  actual  analyses  presented  here** 


4*3  CCW»SHT3  ON  TSB  SXTRAPOLATIOr^  METHCT 

It  should  be  noted  explicitly  that  the  extrarolatlon  method  de¬ 
scribed  here  is  based  on  an  empirical  equation  of  the  fora 

R  a  f(W,  m)  *  f(Xc) 

or  i 

R  •  (WS)®  .  fiK) 

where  S  is  an  efficiency  which  depends  on  ruedium,  seeded  charge  depth, 
and  type  of  explosive.  As  mentioned  in  section  1*5,  this  is  not  the 
only  form  of  equation  vhich  can  be  postulatvd,  axul  defended.  The  avail¬ 
able  data  are  so  meager,  and  their  scatter  SLroiuui  the  curve  representing 
any  specific  equation  is  so  great,  that  it  is  not  possible  at  present 
to  establish  \mequl vocally  the  relative  validity  of  alternative  forma  of 
the  empiricsLl  equation* 


*  The  vet  sand  TKT  results  were  not  used  because  data  on  only  one  charge 
size  was  found  and  hence  a  value  of  slope  could  not  be  established* 

A  value  for  Trinity  was  not  used  because  the  scaled  height  Is  greater 
than  that  of  interest  in  this  report* 
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Tbe  su<^^estion  cecn  oAde  trial  an  equation  of  Liie  fora' 

H  -  (WE)^''-^  .  f(^^)  .  f(a) 

i-i  Dore  catisfactory.*  Wlieo  either  fona  is  used  for  the  extrapolation 
of  Tirr  data  to  megaton  nuclear  explosions,  a  certain  range  of  uncer¬ 
tainty  in  R  is  shown,  resulting  from  reasonable  values  assuased  for  the 
uncertainty  in  t{\)  and  f(m).  The  uncertainty  in  R  shown  by  toe  sug¬ 
gested  equation  fom  is  soaller  then  that  shown  by  the  equation  fora 
used  in  the  main  body  of  this  report* 

Another  and  more  important  benefit  adduced  for  the  suggested  fora 
is  that  the  predicted  crater  radii  for  megaton  explosions  have  a  soaller 
spread  when  soil  characteristics  are  changed* 

It  is  the  opinion  of  the  author  that  the  benefits  indicated  are 
illusory  and  that  the  fora  used  in  the  main  body  has  a  slightly  better 
basis*  The  true  value  of  crater  radius  produced  by  a  megaton  explosion 
in  any  rnsdlua  other  than  that  existing  in  the  Marshall  Islands  will  re- 
main  unknown  until  such  a  shot  is  fired  and  the  resulting  crater  mea¬ 
sured*  In  the  meantime,  it  is  felt  that  caution  in  stating  the  expec¬ 
ted  values  and  their  uncertainties  is  of  vastly  greater  military  use 
than  over-optimism* 


*  Coe  piece  of  information  which  baa  been  put  forward  as  favoring  tbe 
suggested  fora  of  equation  is  the  result  of  some  cratering  experiments 
in  the  Marshall  Islands*  These  experiments  were  run  under  the  direction 
of  Dr.  h*  Kirk  Stepnenson,  currently  on  tbe  staff  of  the  national  Science 
Foundation*  Quoting  from  Memorandum  SWPSF  2/924  (354  2)  dated  26  Nov, 
1954,  "1*  A  series  of  high  explosive  shots  were  fired  on  Elugelab  (Flora) 
Island,  Enlwetok  Atoll  in  the  spring  of  1952*  These  shots  consisted 
of  a  combination  of  R-7-HDA(c-2)R-7-HCA(Tetrytal),  prlmacord,  and  blast¬ 
ing  caps  piled  in  a  beehive  shape  on  the  surface  which  had  been  exca¬ 
vated  devn  to  the  high  tide  level*  A  dike  van  established  around  the 
charge  to  prevent  wave  Interference  but  this  proved  ineffective*  In 
addition  to  selsaiic  shock  Inforsation,  the  crater  radii  were  determined* 
The  crater  data  obtained  from  these  HE  shots  at  the  Pacific  Proving 
Grounds  may  be  used  to  establish  a  soil  factor  for  compsiring  saturated 
coral  with  Nevada  soil.  A  sunnary  of  the  data  Is  as  follows: 


W(ton8  TOT  Equivalent) 

Scale  height  to 

Crater  Raullus 

wl/3  , 

(lhs)^/3 

c.g.(Xg) 

«c  - 

1 

12.6 

0.06 

27.5 

2  18 

5 

21.5 

0.06 

32 

1.49 

10 

27.1 

0.06 

37.5 

1.39 

1.47 

15 

31*1 

0,06 

45.5 

20 

34.2 

0*06 

50 

hH 

rrso 

overall  average 

Average  if  first  shot  omitted 

1.46." 

(cent*  on  page  59) 
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(footactt 


corr«fpoodiJ3c  SS  d*t4i  froa  !f«v«ila  t&k«D  froa  Tablei  A.U  mid  A. 6 
girt  •  fadue  for  R^/V^'3  of  about  O.d.  If  ooa  uaaa  the  suggaBtad  fora 
of  tba  aquation  and  banca  aaauaaa  that  the  effect  of  foil  la  Indepan* 
dent  of  tba  effect  of  charge  slxa,  than  one  might  aay  that  cratara  in 
the  Marahalla  ahould  be  axpactad  to  be  1.8  to  2.0  tioea  aa  large  (in 
radiua)  aa  cratara  from  identical  charge  aizaa  and  deptha  in  ^evada. 

In  a  aimilar  aannor  it  is  found  that  the  value  for  R(,/wV3  for 
mgatoQ  surface  shots  in  the  Harshallt  is  ab<}ut  1.0,  vhile  that  for  the 
kilotom  surface  shot  in  ITevada  Is  0.34,  vhich  implies  that  Marshall 
craters  viU  be  sosm  three  times  larger  than  Nevada  craters.  Actually, 
if  the  samll  hut  finite  value  of  Dc/wV3  is  taken  into  account,  particu 
larly  for  the  JA5GLE  surface  shot,  the  analysis  suggests  that  scaled 
crater  radii  for  nuclear  charges  in  the  Marshalls  are  twice  as  large  as 
for  those  In  Revada.  Since  this  is  the  same  figure  that  was  obtained 
for  EZ  craters,  it  is  tempting  and  not  implausible  to  ai^  that  all  sca¬ 
led  crater  radii  in  the  Marshal3.s  will  be  very  close  to  twice  those  in 
Revada* 

Vhile  the  precise  data  quoted  from  the  AFSWP  Bteaorandum  were  not 
at  hand  during  the  development  of  the  extrapolation  method  described 
In  section  4.2,  some  prior  discussion  of  them  was  held  with  Dr*  Stephen 
son  by  telephone*  At  that  tine  it  was  Dr*  Stephenson's  feeling  that 
the  data  themselves  were  soiaewhat  unreliable  because  all  the  craters 
were  water-washed  before  measurement*  In  addition  it  seems  improper 
to  assume  that  the  characteristics,  for  cratering  purposes,  of  the 
water-saturated  coral  sand  involved  in  the  HS  testa  are  identical  with 
the  characteristics  of  the  more  coherent  water-saturated  coral  rock 
involved  in  the  nuclear  shots* 
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AFFEXDIX  A 


SUMMARY  OF  AVAIUBLE  CRATER  DATA 

I 

TABLE  A.l  •  Nuc?.ear  Cmter  Mftuiiireacnti* 


Shot 

Soil 

RC 

Yield 

Height 
of  Burst 

Crater 

Radius** 

Cri 

Dei 

star 

Qth 

j^n 

■g2| 

lua 

IS2] 

iim 

TRINITY 

23.8  KT 

100 

tSEIm 

wm 

n 

tBSl 

0.026 

Sat .cor* 
sand 

83  KT 

300 

M 

^91 

H 

era 

Sat .cor. 
sand 

46.7  KT 

300 

-0.664 

4l8 

0.925 

m 

0.0053 

GRESRECUSE 

George* 

Sat. cor. 
sand 

215  KT 

200 

-0.266 

570 

0.756 

10.0 

0.0133 

JANGLE  Sur¬ 
face 

Desert 

Alluvium 

1.2  KT 

HB 

-0.026 

45 

0.336 

n 

0.127 

JANGLE 

Underground 

Desert 

Alluvium 

1.2  KT 

-17 

0.127 

129 

0.9ul 

53 

0.39^ 

IVY  Mike* 

Sat .cor. 
sand 

10.5  KT 

35 

-0.0127 

3120 

(2000)^ 

1.125 

(1.02)4 

164 

0.0593 

CASTLE  1 

Sat. cor. 
sand 

RHS 

n 

-0.002 

3000 

0.98 

240 

BS9 

CASTLE  3 

Sat. cor. 
sand 

110  KT 

m 

-0.023 

kco 

0.66 

75 

0.124 

mC*AOfVW  Vmm 

aevae 

«■ 

Alluvium 

-70 

147 

SO 

Sat.  cor.  sands  saturated  coral  sand 

*  All  data  except  CASTLE  and  TEAPOT  data  are  obtained  froa  Crate rlnj; 
Produced  by  Kuclear  Weapons,  W.R.  Perret,  Sandia  Corporation  Tecbni- 
cal  Meoorandua,  Aef.  Sj'oboX  1922«2«(23)  Janxiary  2,  1934. 

**  All  crater  radii  are  Qeas;u:ed  at  original  ground  level, 
a  Dus  to  scoxir  from  water  rushing  back  in,  and  to  aging  (for  GRSEZf* 
ECUSE)  measured  diameters  may  be  large  by  10  to  30  per  cent,  mea* 
s\ired  apparent  crater  depths  may  be  shallov  by  a  factpr  of  2  or  more, 
b  In  Meaorandua  2WPEP  2/924  (35^.2)  dated  26  Boveaber  1954,  the  state¬ 
ment  is  made  that  plotting  the  IVY  Mike  data  on  an  expanded  vertical 
scale  gives  a  value  for  crater  radius  of  2000  ft  (X  *  1.02). 
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TABLE  A. 2  -  TXT  Cr*t*r  H9**urcs»«»tt  Ic  Dry  S*nd.  Dry  Clay, 

fcod  W«t  ClAy* 

Dtadtrground  ExploHioo  Test  Proiprea 
Sltt:  Du^ivtor  Provln{(  Ground* 


♦  Obtained  fro*  Appendix  C,  Underground  Explosion  Tot  ProRraa,  FIm^JL 
Report,  Yolugw  1,  Soil  Engineering  Research  Associates,  August  3^,  X9§2» 
**  All  crater  radii  are  oeasured  at  original  ground  level. 
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320,000 

320 

320 


•Obtained  from  Underground  Explosion  Test  ProRraa-Technlcal  Report  no. 


Granite  end  Limestone,  Volume  I  and  from 


ProRraa-Technical  Report  No.  5,  Sandstone,  Volume  I,  Engineering  Research 


Associates,  Feb.  1^,  19I73* 

•*A11  crater  radii  are  measured  at  original  groimd  level. 

•••Average  Crater  depth  (Di^)  Is  the  average  of  the  measurements  of  the 
vertical  distance  from  the  deepest  point  of  the  crater,  not  necessarily 
directly  under  the  charge,  to  the  stirface,  one  measurement  being  made 
on  each  of  the  four  vertical  sections  available  for  each  crater.  This 
depth  Is  not  significant  unless  the  deepest  point  Is  belov  the  bottom 
of  the  excavation  made  to  place  tbs  charge.  The  charge  hole  was  obllter- 
ated  by  all  the  detonations  at  the  sandstone  site  except  Round  306. 


SECRET -RESTRICTED  DATA 


H?Us  on  Trtil*  k,}  (ContiiAMd) 

A‘7h*  ducA^  did  not  •xt«Qd  to  ib«  Burfac*  aod  la  not  conpaxahl*  with 
other  rouoda:  the  aides  of  the  orlclusLl  cberge  hole  were  d&oaged  up  to 
an  arera^e  aiant  distance  of  5*6  ft  fron  the  center  of  gravit/  of  the 
charge. 

trCrater  shape  was  estlaated;  the  brealcthrough  Toluae  is  lut  included. 
o-Arerage  of  eight  xsaaureMnts  scaled  fyom  the  rertical  crater  sections. 


TABLE  A.4  •  TlfT  Crater  Mtaaureaents  In  Desert  AUuvlua, 

Operation  JAIiGLE* 


Operation:  JAKGLE  UE  Shots 

Site:  Nevada  Proving  Grounds  (fucca  Flat) 


Round 

Charge 

Weight 

Charge 

Crater 

Radius** 

Crater 

Depth 

(lb  of  TNT) 

Tf^ 

■iu 

(ft) 

(  X) 

(ft) 

(X) 

HE-1 

2,560 

2.01 

0.15 

18.2 

1.33 

6.5 

0.47 

EE-2 

1»0,000 

4.63 

0.15 

38.6 

1.13 

14.9 

0.44 

HE-3 

2,560 

6.79 

0.50 

19.8 

1.45 

10.8 

0.79 

2,560 

-2.01 

-0.15 

6.4 

0.47 

1.9 

0.14 

HS-3 

2.560 

U.02 

0.30 

19.6 

1.1^3 

7.8 

0,57 

2,560 

3.00 

0.22 

19.7 

1.44 

|KWgl 

1  HS-7 

2,560 

2.58 

0.19 

18.9 

1.38 

HE-8  b 

216 

1.08 

0.18 

a 

a 

■m 

a6 

0.83 

0.14 

8.^ 

1.37 

3.5 

HS-lOb 

2X6 

3.00 

0.50 

11.3 

1.88 

5.5 

•Obtained  froa  Sono  HE  Testa  and  Obaervatlons  on  Craters  and  Base  Sarafis, 
D.  C.  CaapbellT  araed  Forces  Speclad.  Weapons  Project,  Operation  JANGLE 
Project  1(9) -3/  1  November  1951.  (WT-UlO). 

••All  crater  radii  are  measured  at  original  ground  level. 

&~P&rtlakl  datonatlou 

b>Results  from  a  corresponding  ITT'l^  Pcntollte  charge  are  not  Included 
in  this  summary. 
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lABLE  A. 5  »  TlfT  Cr«t«r  Heaiureaentj  Id  Dry  CiAj-,  Project  MCLS* 


Project:  KCLi  (SUafom  Receiirca  lastltuie) 
Site:  DugviLy  ProvtUtj  Ground* 


Round 

Charge  Weight 

CbtiTKe 

Depth  ^ 

Crater 

Radius** 

Crater 

,..P7ptL 

(lb  of  TKT) 

(ft) 

mMxm 

Baa 

■m 

(ft)~ 

Txf 

101 

■H 

1.00 

11.1 

1.73 

5.5 

0.66 

105 

1.00 

10.9 

1.72 

6,0 

0.94 

102 

0.50 

10.5 

1.65 

6.3 

0.99 

102A 

o«50 

9.5  _ 

1.50 

HhUH 

~io?” 

1.65 

msi^ 

9.1 

WtSam 

mam 

107 

256 

0.0 

0.00 

6.6 

104 

256 

-0.83 

-0.13 

4.4 

1.5 

TABLE  A. 6  -  TNT  Crater  Meaaureneat*  in  Desert  Alluvlua,  Project  MOLE* 

Project:  MOLE  (Stanford  Research  Institute) 

Site:  Nevada  Proving  Ground*  (Yucca  Flat) 


Round 

Charge  Weight 
(lb  of  TNT) 

Crater 

Radius** 

Crater 

Depth 

Hu 

(ft) 

(X) 

(ft)  ‘ 

■fn 

202 

6.35 

1.00 

11.5 

1.81 

5.7 

0,90 

2}2 

6.35 

1.00 

10.7 

1.69 

6.1 

0.96 

203 

3.18 

0.50 

8.4 

1.32 

4.0 

0.63 

204 

1.65 

0.26 

9.2 

1.45 

2.9 

205 

0.83 ' 

0.13 

S.8 

1.39 

2.5 

206 

256 

0.0 

0.00 

6.4 

1.01 

207 

256 

-0.83 

-0.13 

3.5 

0.55 

1.4 

♦  Obtained  froa  ?ann.TT  Explosion  Tests  -  Phase  I  of  Project  MOLEj  R.B. 
Voile,  Jr.,  Stanford  Research  Institute,  January  1953* 

**  All  crater  radii  are  zoreuiured  at  original  ground  level. 
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TABIiS  A.7  -  Tyi  Crat«r  MeAiureneo^i  in  Vet  3iujd.  Project  MCLi.* 


Project:  K3LZ  (Stnaford  Rescarcu  Institute) 
Site:  Cacrp  Cooke,  California 


Round 

Charge  Wei  flit 

CharRe 

■SHI 

CraU-r 

Radius** 

Crater 

Deptn 

(lb  of  nrr) 

(ft) 

|yU 

(  A  )  ' 

~lnr' 

304* 

256 

4.83 

0.75 

18.0 

2.94*^  . 

6.6‘  i 

1.04* 

301 

256 

3.13 

0.50 

19.1 

3.01 

...  1 

•  •  •  e 

302 

256 

3.18 

0.50 

19.9 

3.14 

6.3 

0.99 

309 

256 

3.18 

0.50 

15.6 

2.45 

6.1  , 

0.96 

310 

256 

._3.18  . 

0.50 

16.8. 

2.64 

0.82 

305 

256 

1.65 

0.26 

14.3 

2725 

573  ! 

0.99 

306 

256 

0.83 

0.13 

12.8 

2.01  • 

3.7  • 

0.58 

307 

256 

0.00 

0.00 

10.2 

1.61  1 

4.3  1 

0.75  ; 

308 

256 

-0.83 

-0.13 

8.8 

1.39  ! 

4.0  I 

0.63  1 

a  >  Round  30^  ^  crater  of  Round  303* 


TABLE  A. 8  -  TJfT  Crater  Measuremeate  In  Wet  Clay,  Project  MOLS* 


Project:  MOLE  (Stanford  Research  Institute) 
Site:  Camp  Cooke,  California 


Hound 

Charge  Weight 
(lb  of  TNT) 

Crater 

Radius** 

Crater 

Depth 

(ft) 

“TH) 

(1) 

(ft)  i 

(X) 

311 

256 

3.18 

15.5 

i  2.45 

11.2  1 

1.76  ' 

312 

256 

3.18 

Wm 

17.8 

1  2.80 

9.0  ! 

1.42 

313 

256 

-0.83 

Bui 

5.8 

0.91 

3-^  ! 

0.53  ' 

#  Obtained  from  Sc.all  Explosion  Tests  -  Phase  II  of  Project  MOLE, 

L.  M*  Svift  and  D.  C«  oochs,  Stanford  Research  Institute,  May  193^* 

**  All  crater  radii  are  aeasured  at  origljial  ground  level. 


65 


'•'Shi; 


BfflMCGatfax 


1.  AFSWP  Vr»378»  Motet  on  Surfaca  a:jd  Undergrouad  Burita,  D.  T»  Grlggt, 
Operation  JAKGLE,  Project  1.9-2,  AprU  1952. 

2.  LA-152-9,  Soil  Pretsuret  and  Ener,;y  Tranafer  on  Mlite  Shot,  F.  B. 
Porzel,  October  IJ,  i;52. 
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